Historically, consumption of Green tea (Camellia sinensis) has been associated with health benefits against multiple diseases including cancer, atherosclerosis and cardiovascular disorders. Emerging evidence has suggested a pathogenic role for HMGB1, a newly identified "late" mediator of lethal systemic inflammation, in the aforementioned diseases. Here we demonstrated that a major ingredient of Green tea, EGCG, was internalized into HMGB1-containing LC3-positive cytoplasmic vesicles (likely autophagosomes) in macrophages, and induced HMGB1 aggregation in a time-dependent manner. Furthermore, EGCG stimulated LC3-II production and autophagosome formation, and inhibited LPS-induced HMGB1 up-regulation and extracellular release. The EGCG-mediated HMGB1 inhibitory effects were diminished by inhibition of class III phosphatidylinositol-3 kinase (with 3-methyladenine) or knockdown of an essential autophagyregulating protein, beclin-1. Moreover, the EGCG-mediated protection against lethal sepsis was partly impaired by co-administration of an autophagy inhibitor, chloroquine. Taken together, the present study has suggested a possibility that EGCG inhibits HMGB1 release by stimulating its autophagic degradation.
Introduction
As an evolutionarily conserved degradation process to maintain cellular homeostasis, macrophages degrade endogenous cytoplasmic macromolecules via autophagy ("selfeating"), and degrade exogenous pathogens using a special form of autophagy distinctly termed "xenophagy" [1, 2] . Autophagy begins with the formation of double-membraned structures called phagophores, which elongate and engulf portions of the cytoplasm to form autophagosomes. Subsequently, autophagosomes fuse with lysosomes to form degradative autophagolysosomes, where the engulfed contents are degraded by acidic lysosomal hydrolases [2] . Autophagy normally occurs at basal levels in most tissues, but it can be further stimulated by starvation [3] , pathogen-associated molecular patterns (PAMPs, such as endotoxin) [4] , or cytokines (such as IFN-γ) [3] . Although it has been shown that xenophagy may be strategically employed by macrophages to destroy intracellular bacteria [5] [6] [7] , the potential role of autophagy in human diseases or in the regulation of any specific disease mediators remains poorly understood [2, 8] .
Sepsis refers to a systemic inflammatory response syndrome resulting from a microbial infection, and is partly mediated by various PAMPs, which stimulate macrophages to sequentially release early (e.g., TNF) and late (e.g., HMGB1) proinflammatory mediators [9, 10] . Although an appropriate early cytokine response may be essential against infection, excessive accumulation of late mediators (such as HMGB1) may adversely disrupt homeostasis, and contribute to the pathogenesis of lethal endotoxemia [10] and sepsis [11] . Indeed, substantial evidence has supported HMGB1 as an alarmin signal that serves to alert, recruit, and activate innate immune cells [12] [13] [14] , thereby sustaining an injurious inflammatory response in sepsis [15, 16] . Consistently, HMGB1-specific neutralizing antibodies [10, 11] or inhibitors (e.g., tanshinones, ethyl pyruvate, nicotine, stearoyl lysophosphatidylcholine) [10, [17] [18] [19] [20] [21] [22] [23] confer significant protection against lethal endotoxemia and sepsis, supporting HMGB1 as a critically important late mediator of lethal sepsis. In addition, HMGB1 has been implicated in the pathogenesis of a variety of other diseases including oxidative stress [24] , atherosclerosis [25] , cancer [26] , and cardiovascular diseases [27] .
Historically, herbal medicine has formed the basis of folk remedies for various ailments, but their mechanisms of action remain elusive. Brewed from the leaves of the plant, Camellia sinensis, Green tea has been associated with health benefits against multiple diseases including oxidative stress [28] , atherosclerosis [28] , cancer [29] , and cardiovascular diseases [30] . These healing properties are attributable to its abundant polyphenolic catechins, such as epigallocatechin-3-gallate or EGCG (up to 50 mg in a single cup of tea) [31] . Recently, we discovered that Green tea [32] and its major component, EGCG [33] , dose-dependently abrogated endotoxin-induced HMGB1 release, and consequently protected animals against lethal endotoxemia and sepsis [33] . However, the mechanism underlying EGCG-mediated HMGB1 inhibition was previously unknown. In the present study, we uncovered a possible mechanism by which EGCG effectively inhibits HMGB1 release by inducing its aggregation and autophagic degradation in macrophages.
Material and Methods

Cell culture
Murine macrophage-like RAW 264.7 cells were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). GFP-LC3-transfected RAW 264.7 cells were established as previously described [4] , and maintained in RPMI 1640/10%FBS/2 mM glutamine supplemented with puromycin (2 μg/ml; Sigma-Aldrich, St. Louis, MO, USA) to retain clonal homogeneity. Primary peritoneal macrophages were isolated from Balb/C mice (male, 7-8 weeks, 20-25 grams) at 3 days after intraperitoneal injection of 2 ml thioglycollate broth (4%) as previously described [18, 19, 34, 35] .
LPS stimulation
Adherent macrophages were gently washed with, and cultured in, serum-free OPTI-MEM I medium 2 h before stimulation with endotoxin (lipopolysaccharide, LPS, E. coli 0111:B4, Sigma-Aldrich, St. Louis, MO, USA). At 16 hours after LPS stimulation, intra-and extracellular HMGB1 levels were determined by Western blotting analysis as previously described [18, 34] . To assess the involvement of autophagy in EGCG-mediated HMGB1 inhibition, autophagy was inhibited genetically by siRNA against beclin-1 or pharmacologically by 3-methyladenine. Epigallocatechin gallate (EGCG, C 22 
EGCG intracellular trafficking
EGCG (10 mM) was oxidized by sodium meta-periodate (Thermo Scientific, Waltham, MA, USA; 10 mM in 1 × PBS pH 7.2, 10 min, room temperature), and subsequently incubated with EZ-Link biotin-LC-hydrazide (Thermo Scientific, Waltham, MA, USA; 20 mM, 2 h, 4°C
). The resulting products were fractionated by HPLC using a Nova-pak C18 column (3.9 × 150 mm) and 0.065% trifluoroacetic acid (TFA, v/v, in water) as the mobile phase. The sample was eluted by a linear gradient of 0-59% acetonitrile (v/v, in 0.065% TFA) over 12 minutes at a flow rate of 1.0 ml/min, and monitored at a wavelength of 254 nm. Each HPLC peak was screened for activity in inhibiting LPS-induced HMGB1 release as previously described [33] , and biologically active biotin-EGCG was used for intracellular trafficking studies. Briefly, RAW 264.7 cells were incubated with biotin-EGCG (10 μM) for various time periods, fixed with 4% paraformaldehyde, and respectively stained with streptavidinconjugated Alexa fluor 594 (Invitrogen, Carlsbad, CA, USA) for EGCG, and DAPI (Vector Lab, Burlingame, CA, USA) for cell nuclei. Images were captured using a fluorescence microscope (Carl Zeiss Microimaging).
Visualization of autophagosomes
Murine macrophage-like RAW 264.7 cells stably transfected with GFP-LC3 were stimulated with LPS in the absence or presence of EGCG for 16 h, and cells were examined for the presence of GFP-LC3 punctate structures under a fluorescence microscope as previously described [4] . The ratio between the 18-kD cytosolic LC3-I and 16-kD lipidated autophagosome-bound LC3-II was determined by Western blotting analysis as previously described [4] . The autophagic flux was measured by evaluating the effects of EGCG on LC3-II turnover in the absence or presence of an autophagy inhibitor, bafilomycin A1. Specifically, macrophage cultures were stimulated with EGCG for 12 h, and bafilomycin A1 was added at various concentrations (0, 5, 25, 100, 200, 250 nM). At 4 h post bafilomycin A1 addition, cells were harvested and assayed for LC3 concentrations by Western blotting analysis. For human breast adenocarcinoma MDA-MB-361 and MCF-7 cancer cell lines, autophagic vacuoles were detected by staining with acidotropic dyes such as monodansylcadaverine (MDC) as previously described [36] . Briefly, cells were incubated with 0.05 mM MDC for 1 h (at 37°C), and fixed in 4% paraformaldehyde for 15 min. After extensive washing with 1×PBS, cells were observed under Nikon Mikrophot-FXA microscopy (with a 356-nm excitation filter and a 545-nm barrier filter).
Fluorescence Immunostaining
RAW 264.7 cells were stimulated with LPS (200 ng/ml) in the absence or presence of biotin-labeled EGCG (10 μM) for 16 h. Subsequently, cells were fixed with 2% formalin for 10 min, and permeabilized with 0.1% Triton X-100 in PBS (1 min, room temperature). After extensive washing with PBS, cells were stained with LAMP2-specific monoclonal antibody (Santa Cruz Biotech, Santa Cruz, CA, USA), or HMGB1-specific antigen-affinity purified polyclonal rabbit antibodies. Afterwards, cells were incubated with Alexa-488-conjugated donkey anti-mouse antibody (Invitrogen, Carlsbad, CA, USA), and Alexa-594-conjugated donkey anti-rabbit antibody (Invitrogen, Carlsbad, CA, USA), respectively.
Transmission Electron Microscopy
At 24 h post EGCG stimulation, cells were fixed in 1.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.0) for 2 h, postfixed in 2% osmium tetroxide for 2 h, dehydrated with increasing concentrations of ethanol, and gradually infiltrated with Araldite resin. Ultrathin sections (80 nm) were obtained using an ultramicrotome (RMC MT6000-XL). Sections were stained with uranyl acetate and lead citrate and examined using a Hitachi H-300 transmission electron microscope.
Preparation of recombinant HMGB1
The cDNA encoding for rat HMGB1 was cloned onto a pCAL-n vector, and recombinant HMGB1 was expressed in E. coli BL21 (DE3) pLysS cells as previously described [10] . Contaminating endotoxin was removed from the HMGB1 preparation by Triton X-114 extraction as previously described [12] . To determine whether EGCG binds to HMGB1 in aqueous solution, HMGB1 (100 μg/ml) was incubated with EGCG (10 μM) in 1 × PBS (pH 7.4, 37° C) in the absence or presence of DTT (0.65 mM), and subsequently assayed for protein aggregation by SDS-PAGE, NBT redox-cycling staining, or Western blot analysis.
Nitroblue tetrazolium staining
Following SDS-PAGE gel electrophoresis, proteins were transblotted onto a PVDF membrane, and stained with NBT (240 μM) in potassium glycinate (2.0 M, pH 10) as described previously [37] .
HMGB1 Western blotting analysis
The levels of HMGB1 in whole-cell lysate, various cellular fractions, and the culture medium were determined by Western blotting analysis as previously described [10, 18, 19, 34, 35] . Cytoplasmic and nuclear fractions were isolated after selective lysis of the plasma membrane in low salt buffer (10 mM HEPES, pH 7.9; 10 mM KCl; 0.1 mM EDTA; 0.1 mM EGTA; 1 mM DTT; 0.5 mM PMSF, 1% NP-40) as previously described [18] . Each fraction was assayed for HMGB1 levels by Western blotting analysis with reference to a cytoplasmic protein (β-actin, Sigma-Aldrich, St. Louis, MO, USA) or a nuclear protein (PCNA, BD Biosciences, San Jose, CA, USA). HMGB1-specific polyclonal antibodies were generated in rabbits as previously described [10] .
Cytokine antibody array
Murine cytokine antibody array (Cat. No. M0308003, RayBiotech Inc., Norcross, GA, USA) was used to determine the relative levels of 62 different cytokines in macrophage lysate as previously described [18] .
RNA interference
siRNAs against beclin-1 (sc-29798) were obtained from the Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA), and used according to the manufacturer's instructions. Briefly, murine peritoneal macrophages were transiently transfected with beclin-1 siRNA (50 pmols/ well) using siRNA Transfection Reagent (sc-29528, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for 48 h. After transfection, Transfection Medium was replaced with tissue culture medium, and incubated for 12 h before stimulating with LPS in the absence or presence of EGCG. Beclin-1 expression levels were determined by Western blotting analysis using beclin-1-specific antibodies (sc-11427).
Animal models of endotoxemia and sepsis
This study was approved and performed in accordance with the guidelines for the care and use of laboratory animals at the Feinstein Institute for Medical Research, Manhasset, New York. Endotoxemia was induced in Balb/C mice (male, 7-8 weeks) by intraperitoneal injection of bacterial endotoxin (LPS, 10 mg/kg) as previously described [10, 18, 19, 21] . Sepsis was induced in male Balb/C mice (7-8 weeks, 20-25 g) by cecal ligation and puncture (CLP) as previously described [18, 19, 38] . EGCG was orally administered at indicated doses and time points, and mice were monitored for survival for up to two weeks.
Statistical Analysis
Data are expressed as mean ± SD of at least 2-3 independent experiments (n = 2-3). Oneway ANOVA was used for comparison among all different groups. When the ANOVA was significant, post-hoc testing of differences between groups was performed using Tukey's test. The Kaplan-Meier method was used to compare the differences in mortality rates between groups. A P value < 0.05 was considered statistically significant.
Results
EGCG was internalized into LC3-, LAMP2-, and HMGB1-containing cytoplasmic vesicles
Previous studies have suggested divergent subcellular localizations for exogenous EGCG that include the cell membrane [39] and cytoplasmic vesicles [40] . To elucidate the mechanisms by which EGCG blocks HMGB1 nuclear-cytoplasmic translocation and extracellular release, we performed the trafficking experiment to determine the functional localization of EGCG in macrophage cultures. Consistent with previous reports [40] , we found that EGCG was rapidly internalized into cytoplasmic vesicles within 6 h (Fig. 1A) . Surprisingly, these EGCG-containing vesicles almost completely co-localized with LC3 punctate structures (likely autophagosomes, Fig. 1A ). Subsequently, these EGCG-containing vesicles increased in size (within 12-16 h), and co-localized with the lysosomal-associated membrane protein 2 (LAMP2)-containing cytoplasmic compartments (Fig. 1B) . These large LAMP2-positive compartments were likely autophagolysosomes -the fusion product of autophagosomes and lysosomes [41] . The observation that EGCG co-localized with two distinct cytoplasmic vesicles (the LC3-positive autophagosomes and LAMP2-positive autophagolysosomes) at two different time points (6 h and 16 h post EGCG treatment) suggests a persistent involvement of EGCG in the induction of autophagy.
To determine whether cytoplasmic EGCG co-localized with HMGB1, we stained LPSstimulated macrophages with HMGB1-specific antibodies. Consistent with a previous report [18] , cytoplasmic HMGB1-positive "puncta" were observed in LPS-stimulated macrophage cultures (Fig. 1C) . Interestingly, these HMGB1-containing "puncta" appeared to co-localize with some EGCG-containing vesicles (Fig. 1C) . Although co-localization of HMGB1 "puncta" and GFP-LC3 vesicles was not found in LPS-stimulated macrophages (in the absence of EGCG, data not shown), some cytoplasmic HMGB1 "puncta" were co-localized with GFP-LC3 vesicles at 6 h post co-stimulation with LPS and EGCG (Fig. 1D) . Taken together, these experimental data support a possibility that EGCG interacts with HMGB1 within autophagosomes of LPS-stimulated macrophages.
EGCG induced HMGB1 aggregation in vitro
To test this possibility, highly purified HMGB1 protein was incubated with EGCG for various time periods, and subjected to SDS-PAGE analysis. In the absence of EGCG, recombinant HMGB1 migrated as a ~ 33 kDa band on SDS-PAGE gels ( Fig. 2A, left  panel) . Following incubation with EGCG, however, additional bands with higher molecular weights (MW, 66 kDa, 99 kDa, 132 kDa, etc) were observed ( Fig. 2A, left panel) , indicating that EGCG induced the formation of SDS-resistant HMGB1 aggregates.
To elucidate the nature of EGCG-HMGB1 interaction, we adopted a redox-cycling nitroblue tetrazolium (NBT) staining method to detect protein-bound EGCG molecules [37] . Superimposable with the Coomassie blue staining profile ( Fig. 2A, left) , NBT staining revealed multiple purple bands with identical MW (66 kDa, 99 kDa, 132 kDa) ( Fig. 2A,  middle panel) . Notably, the EGCG-induced protein aggregation was completely prevented by a reducing agent, 1, 4-dithiothreitol (DTT) (Fig. 2A, left and middle panel) , indicating that EGCG induces HMGB1 aggregation likely via an oxidative reaction. The identities of these HMGB1-EGCG complexes were confirmed by Western blotting analysis ( Fig. 2A,  right panel) , which revealed multiple superimposable bands as shown by Coomassie blue or NBT staining. Densitometric analysis revealed that EGCG converted 10-40% of the HMGB1 monomer into oligomers within 1-6 h of incubation (Fig. 2B) . Taken together, these data showed that EGCG can induce HMGB1 aggregation in a time-dependent manner.
To gain insight into the structure-function relationship, we also examined several other catechin derivatives [such as catechin (C), epigallocatechin (EGC), catechin gallate (CG), and ethyl gallate (G)] for similar activities. Consistent with previous observations that C or G failed to inhibit LPS-induced HMGB1 release [33] , they similarly failed to induce HMGB1 aggregation (data not shown). In agreement with its capacities to inhibit LPSinduced HMGB1 release, CG also dramatically induced HMGB1 aggregation (data not shown). These data suggest that functional groups of both catechins and gallate are needed for EGCG or CG-mediated HMGB1 aggregation.
EGCG induced HMGB1 degradation in vivo
To determine whether EGCG similarly induces HMGB1 aggregation in vivo, highly purified HMGB1 was supplemented to macrophage cultures in the absence or presence of EGCG, and cell lysate was subsequently assayed for HMGB1 aggregation by Western blotting analysis. In vivo, stimulation with HMGB1 (2 μg/ml) led to a dramatic increase in the intensity of a 30 kDa band (Fig. 2C) , which was recognized by HMGB1-specific antibodies (Fig. 2C) . In the presence of EGCG, however, the intensity of this 30 kDa band was dramatically reduced (Fig. 2C) , which was accompanied by the appearance of a number of larger (> 170 kDa) and smaller (< 26 kDa) bands reactive with HMGB1-specific antibodies (Fig. 2C) . These experimental data suggest that EGCG facilitates HMGB1 aggregation and subsequent degradation in macrophage cultures.
EGCG enhanced LPS-induced autophagy in macrophages
To gain insight into the mechanism of HMGB1 degradation, we determined whether EGCG enhanced LPS-induced autophagic activities. Consistent with a previous report [4] , LPS induced formation of LC3-containing cytoplasmic vesicles in GFP-LC3-transfected macrophages (autophagosomes, Fig. 3A) , and elevated LC3-I to LC3-II conversion in nontransfected macrophages (Fig. 3B) . At the concentrations effective for inhibiting LPSinduced HMGB1 release, EGCG dramatically enhanced LPS-induced autophagosome formation (Fig. 3A) and LC3-II production (Fig. 3B) . Even in the absence of LPS, EGCG was still able to induce formation of LC3-containing punctate structures (Fig. 3A) , and significantly elevate LC3-II concentration in macrophage cultures (Fig. 3B) . To determine whether EGCG elevated LC3-II production or decreased LC3-II degradation (i.e., autophagic flux), we determined the effect of a proton pump inhibitor, bafilomycin A1, on EGCG-induced elevation of LC3-II levels. Even in the presence of bafilomycin A1 at saturating concentrations for LC3-II accumulation (100 nM), EGCG still significantly increased LC3-II levels (Fig. 3C) , suggesting that EGCG increases autophagosome synthesis, rather than merely inhibiting LC3-II degradation (by reducing autophagosomes trafficking to, and fusion with, lysosomes). Similarly, EGCG (100 μM) induced formation of autophagic vacuoles in non-immune cells, such as human breast adenocarcinoma (MDA-MB-361) and cancer (MCF-7) cell lines (Fig. 3D) . Employing transmission electron microscopy (EM), double-membraned vacuoles typical of autophagosomes were observed in EGCG-treated cells (Fig. 3E) , confirming that EGCG can indeed stimulate autophagy in both immune and non-immune cells.
EGCG reduced cellular HMGB1 levels in LPS-stimulated macrophages
To understand its potential consequences, we determined the effects of EGCG on cytoplasmic and nuclear HMGB1 levels in LPS-stimulated macrophages. In sharp contrast to murine macrophage-like RAW 264.7 cells [10] , LPS dose-dependently increased both nuclear and cytoplasmic HMGB1 protein levels in primary macrophage cultures (Fig. 4A) . At the concentration (10 μM) that abrogated HMGB1 release [33] , EGCG effectively prevented LPS-induced elevation of both cytoplasmic and nuclear HMGB1 levels (Fig. 4A ), but did not affect basal HMGB1 levels in the nucleus of quiescent macrophages. Nevertheless, at these low concentrations (10-20 μM), EGCG effectively prevented occasional elevation of cytoplasmic HMGB1 levels in control cell cultures (data not shown). Taken together, our experimental data suggest a possibility that EGCG prevents LPSinduced HMGB1 release by strategically destroying it in the cytoplasm via a cellular degradation process -autophagy.
We previously found that EGCG was still able to inhibit LPS-induced HMGB1 release when it was added 2 to 6 h after LPS [33] . To elucidate the underlying mechanism, we performed parallel wash-out experiments to determine whether a brief prior exposure was sufficient for EGCG to prevent LPS-induced HMGB1 up-regulation. As predicted, prolonged incubation with EGCG dramatically suppressed LPS-induced increase of cellular HMGB1 levels (Fig.  4B, panel 1) . However, even a brief pre-exposure of EGCG for 6 h appeared to be sufficient to confer a dramatic inhibition of LPS-induced elevation of cellular HMGB1 levels (Fig. 4B,  panel 3 ).
To assess its selectivity, we determined the effects of EGCG on cellular levels of 62 other cytokines using cytokine antibody array. Consistent with a previous report [33] , LPS elevated cellular levels of many cytokines and chemokines including CD40, CXCL16, Eotaxin-2, G-CSF, GM-CSF, IGFBP-3, IL-1a, IL-4, IL-9, IL-12, LIX, LPT, MCP-1, MCP-5, MIP-2, PF-4, P-selection, TIMP-1 and TPO. However, at the concentrations that effectively inhibited LPS-induced elevation of cellular HMGB1 levels, EGCG (10 μM) did not affect levels of most other cytokines (Fig. 4C) , indicating that EGCG selectively regulates cellular HMGB1 levels. Intriguingly, EGCG dramatically inhibited LPS-induced upregulation of CD40 (Fig. 4C) , a trigger of the fusion between pathogen-containing vacuoles and lysosomes during "xenophagy" [1, 42] . Although CD40 may be important in destroying exogenous pathogens during xenophagy, its regulatory role in the degradation of endogenous macromolecules (such as EGCG/HMGB1 aggregates) during autophagy is not yet known.
Suppression of autophagy impaired EGCG-mediated HMGB1 inhibition
To test the possibility that EGCG inhibits HMGB1 by stimulating its autophagic degradation, we determined whether blockage of autophagy impaired EGCG-mediated HMGB1 inhibition in macrophage cultures. A specific inhibitor of autophagy-regulating signaling molecule (PI3K-class III), 3-methyladenine (3-MA), was shown to effectively block LPS-induced autophagy in macrophage cultures [4] . We found that 3-MA dosedependently impaired EGCG-mediated inhibition of intracellular HMGB1 elevation (Fig.  5A, bottom panel) and extracellular HMGB1 release (Fig. 5A, top panel) in primary macrophage cultures. Although aggregation of endogenous HMGB1 was barely detectable in macrophages that were treated with LPS and EGCG for 12-16 h (Fig. 5B) , co-treatment with 3-MA (5 mM) led to dramatic accumulation of HMGB1 aggregates in macrophage cultures (Fig. 5B) . It suggests that the EGCG-mediated HMGB1 inhibition may be partly dependent on its autophagy-inducing properties.
To further test this possibility, we determined whether knock-down of an essential autophagy gene [43] , beclin-1, similarly affects EGCG-mediated inhibition of HMGB1 expression. Treatment of thioglycollate-elicited peritoneal macrophages with siRNA specific to beclin-1 led to a >60% reduction of cellular beclin-1 levels (Fig. 5C) . Similarly, knockdown of beclin-1 reduced cellular LC3-II levels by 50-60% (data not shown), and dramatically impaired EGCG-mediated inhibition of HMGB1 expression in LPS-stimulated macrophage cultures (Fig. 5C ), supporting the possibility that EGCG inhibits LPS-induced HMGB1 expression by stimulating its autophagic degradation.
An autophagy inhibitor impaired EGCG-mediated protection against lethal sepsis
To appreciate the prophylactic and therapeutic benefits of tea consumption, we determined whether administration of EGCG via a clinically feasible route confers protection in animal models of lethal endotoxemia or sepsis. In animal models of lethal endotoxemia (LPS = 10 mg/kg), oral administration of EGCG (4 mg/kg, daily for three days) significantly increased survival rate from 25% (for control group receiving saline, N = 16 mice/group) to 62.5% (for experimental group receiving EGCG, N = 16 mice/group, P < 0.05). In a clinically relevant model of sepsis (induced by cecal ligation and puncture), delayed administration of EGCG conferred a significant protection against lethal sepsis (N = 18 mice per group, Fig.  6A ), significantly increasing animal survival rate from 16% to 44% (P < 0.05), supporting a therapeutic potential for EGCG in the treatment of sepsis. Our previous study suggested that EGCG confers protection against lethal sepsis partly by attenuating systemic accumulation of HMGB1, a late mediator of lethal sepsis [33] . To explore additional protective mechanisms, we determined whether autophagy inhibitors, such as 3-MA or chloroquine, impaired EGCG-mediated protective effects. 3-MA has been widely used as an autophagy inhibitor in vitro, but its poor solubility in water affects its bioavailability in vivo, thereby limiting its use for animal studies. In contrast, chloroquine is readily water-soluble, and has been successfully employed by others to inhibit autophagy in vivo. It was previously shown that administration of chloroquine at a higher dose (50 mg/kg) conferred protection against CLP-induced sepsis, increasing the 4-day animal survival rate from 24% to 55% [44] . At a lower dose (30 mg/kg), however, chloroquine did not affect animal survival rates (Fig. 6B) , but partly impaired EGCG-mediated protective effects (Fig. 6B ). It will thus be critically important to further investigate whether EGCG confers protection against lethal sepsis partly by stimulating autophagy in future studies.
Discussion
Historically, consumption of Green tea has been associated with health benefits against multiple diseases including oxidative stress [28] , atherosclerosis [28] , cancer [29] , and cardiovascular diseases [30] . Emerging evidence has suggested a common role for HMGB1 in the pathogenesis of lethal systemic inflammation [15] and the aforementioned diseases [24] [25] [26] [27] . Recently, we discovered that green tea and its major ingredient, EGCG, effectively inhibited LPS-induced HMGB1 release in macrophage cultures [32, 33] . In the present study, we uncovered a novel mechanism by which EGCG inhibits HMGB1 release by inducing protein aggregation and subsequent degradation possibly in an autophagy-dependent manner.
Consistent with a previous report [40] , we found that EGCG was rapidly internalized into cytoplasmic vesicles within 4-6 h. Surprisingly, these EGCG-containing vesicles almost completely co-localized with punctate structures positive for LC3, a specific marker of autophagosomes [45] . Subsequently, these EGCG-containing vesicles co-localized with LAMP2-and HMGB1-containing cytoplasmic compartments within 12-16 h of exposure. In the presence of EGCG, cytoplasmic HMGB1 "puncta" intercepted with LC3-containing vesicles in LPS-stimulated macrophages, supporting a possibility that EGCG interacts with HMGB1 within cytoplasmic vesicles (e.g., autophagosomes). The mechanism by which EGCG is internalized into macrophage cytoplasmic vesicles remains elusive. On one hand, EGCG can be auto-oxidized to form dimers such as theasinensin (Fig. 7) [40] , which binds to the cytoplasmic membrane, and gains entry into the cytosol via passive diffusion [40] . On the other hand, EGCG is capable of binding to cell surface receptors (e.g., the 67 kDa laminin receptor, 67LR receptor) [46] through which EGCG mediates its anticancer [40, 46] and anti-inflammatory activities [47] [48] [49] . It is not yet known whether EGCG is internalized into macrophages via passive diffusion or active 67LR-receptor-mediated endocytosis.
The co-localization of EGCG with LC3-, LAMP2-, and HMGB1-containing cytoplasmic vesicles suggested a possibility that EGCG may modulate HMGB1 degradation through an autophagosome-lysosome-dependent pathway. Indeed, at the concentrations effective for inhibiting LPS-induced HMGB1 release [33] , EGCG stimulated LC3 punctate (autophagosome) formation and LC3-I to LC3-II conversion, thereby effectively inducing autophagy in macrophage cultures. As a potential consequence, EGCG induces subsequent HMGB1 degradation via an autophagosome-lysosome-dependent pathway. This possibility was supported by our observation that co-treatment with an autophagy inhibitor, 3-MA, led to dramatic accumulation of HMGB1 aggregates in LPS/EGCG-treated macrophages. Intriguingly, EGCG can also conjugate to the proteasome complex, and consequently inhibit the ubiquitin-proteasome degradation pathway [50] . It is thus possible to selectively modulate autophagic degradation pathway using EGCG and other similar pharmacological agents.
The mechanism by which EGCG induces autophagy may relate to its capacity in inducing formation of EGCG-HMGB1 complexes (Fig. 7) . On one hand, EGCG spontaneously forms aggregation products (e.g., the theasinensin dimer) via an oxidation reaction [40] . On the other hand, EGCG can conjugate to proteins either covalently (with the free thiol group of cysteine residues, Fig. 7 ) [37] , or non-covalently (via hydrogen bonding, aromatic stacking or hydrophobic interactions) [51, 52] . The direct interaction between EGCG aggregates and HMGB1 protein may underlie the formation of the SDS-resistant HMGB1/EGCG aggregates. Because large EGCG-HMGB1 complexes can not physically pass through the narrow pore of the proteasome barrel of the ubiquitin-proteasome pathway, it may function as a proximal trigger of autophagy [53] .
In parallel with its autophagy-inducing capacities, EGCG prevented LPS-induced intracellular elevation and extracellular release of HMGB1 in primary macrophage cultures. Importantly, these parallel autophagy-stimulating and HMGB1-inhibiting effects were both achievable when cells were exposed to EGCG briefly (2-6 h), a time frame allowing for sufficient EGCG cytoplasmic trafficking and HMGB1 aggregation. Furthermore, knockdown of an autophagy-regulating protein (e.g., beclin-1) or inhibition of PI3K (with 3-methyladenine) impaired EGCG-mediated inhibition of HMGB1 expression and release. Intriguingly, it was recently suggested that cytoplasmic HMGB1 can interact with beclin-1, and function as an important regulator of autophagy [54, 55] . It is thus important to investigate whether: 1) HMGB1 also occupies a critical role in EGCG-mediated autophagy; and 2) HMGB1 aggregation is absolutely necessary for its subsequent autophagic degradation. Nevertheless, our structure-function relationship studies support this possibility, because catechins (e.g., C or G) that failed to induce HMGB1 aggregation also failed to induce autophagy in macrophage cultures (Fig. 7) . In contrast, catechins (e.g., EGCG and CG) that induced HMGB1 aggregation, also effectively induced autophagy (data not shown).
The potential role of autophagy in the regulation of HMGB1 release has just recently been investigated. Emerging evidence has suggested a potential link between autophagy and HMGB1 release, because agents capable of inducing (such as epidermal growth factor receptor-targeted diphtheria toxin) or inhibiting (such as a ketone-containing flavonoid, quercetin) autophagy similarly affected HMGB1 release in glioblastoma tumor cells [56] and murine-macrophage-like AW 264.7 cells [57] . In contrast, galloylated catechins such as EGCG and CG effectively induced autophagy, and yet still inhibited LPS-induced HMGB1 release (Fig. 7) . These findings raised questions regarding an essential role for autophagy in the regulation of HMGB1 release, but suggested a pharmacological strategy to modulate HMGB1 release using autophagy-stimulating agents (such as EGCG) for the treatment of inflammatory diseases.
The relationships between autophagy ("self-eating") and apoptosis ("self-killing") are rather complex, and remain a subject of extensive on-going research [58] . Sharing some key molecular regulators in their machineries, autophagy and apoptosis may be triggered by common stimuli such as starvation, oxidative stress, and cytokines [58] . These stimuli may induce either combined autophagy and apoptosis, or exclusive switches between the two responses [8, [58] [59] [60] . At the low concentrations (10-20 μM) effective for abrogating endotoxin-induced HMGB1 release, EGCG induced autophagy in macrophage cultures. At higher concentrations (e.g., 200 -1000 μM) however, ECGC also activates caspases, thereby inducing apoptotic cell death [61] . It remains elusive whether there is a reciprocal crosstalk between autophagy and apoptosis in EGCG-stimulated macrophages. Similarly, although the rise of intracellular [Ca 2+ ] has been implicated as a common regulator of autophagy and apoptosis [62] , it is presently unknown whether EGCG, particularly at low concentrations (10-20 μM), affects Ca 2+ influx in macrophage cultures. Nevertheless, at high concentrations (e.g., 50-300 μM), EGCG can indeed elevate intracellular [Ca 2+ ] possibly by altering cytoplasmic membrane permeability [63] , thereby activating caspases and inducing apoptosis [61, 64] . Paradoxically, EGCG could also attenuate Ca 2+ influx induced by other stimuli, such as antigens (in mast cells) [65] or bacterial chemotactic peptides (in THP-1 monocytic cells) [66] , implicating a complex relationship between EGCG and Ca 2+ under various conditions. Previously, we found that Green tea [32] and its major component, EGCG, inhibited bacterial endotoxin-induced HMGB1 release in vitro, and rescued mice from lethal sepsis when EGCG was given intraperitoneally [33, 67] . In the present study, we further elucidated the intricate mechanisms by which EGCG inhibits endotoxin-induced HMGB1 release, and validated its therapeutic potential in animal models of sepsis by administering it via a clinically feasible route (oral gavage). Here we uncovered a novel mechanism by which EGCG effectively inhibits HMGB1 release by inducing its aggregation and autophagic degradation in macrophages. Furthermore, we demonstrated that EGCG still significantly rescued mice from lethal sepsis even when the first dose was given orally at 24 h after onset of the disease. We strategically administered EGCG in a delayed fashion to preserve a potentially beneficial early TNF response, but specifically attenuated late proinflammatory mediators such as HMGB1 [33] . Intriguingly, the EGCG-mediated protective effects were impaired by co-administration of an autophagy inhibitor, chloroquine. It will thus be critically important to investigate the potential role of autophagy in lethal systemic inflammatory diseases in future studies. The doses of EGCG orally given to septic mice (4 mg/kg, i.e., 10 μM) are comparable to those achievable in humans after ingestion of a few cups of green tea [68] . Given the multiple health benefits associated with Green tea consumption, as well as the shared role of HMGB1 in the pathogenesis of many diseases, it is tempting to consider that Green tea consumption may be beneficial to humans by selectively modulating autophagic HMGB1 degradation in targeted cells (Fig. 7) . Further investigation in this area will improve our understanding of innate immune-modulating mechanisms of herbal medicine, and shed light on the development of novel autophagymodulating therapeutic strategies for the treatment of human diseases. A). EGCG was co-localized with LC3-containining vesicles. GFP-LC3-transfected RAW 264.7 cells were treated with biotin-labeled EGCG for 6 h, subsequently stained with streptavidin-conjugated Alexa-594 to visualize intracellular EGCG, and stained with DAPI to visualize the nuclei (blue). B). EGCG was co-localized with LAMP2-positive vesicles. RAW 264.7 cells were treated with biotin-labeled EGCG for 16 h, and stained with LAMP2-specific primary antibody and Alexa-488-conjugated secondary antibody. C). EGCG co-localized with HMGB1-containing cytoplasmic vesicles. RAW 264.7 cells were stimulated with LPS in the presence of biotin-EGCG for 16 h, and stained HMGB1-specific antibodies, and Alexa-488-conjugated donkey anti-rabbit antibody. D). Cytoplasmic HMGB1 "puncta" were partly co-localized with LC3-containining vesicles. GFP-LC3-transfected RAW 264.7 cells were stimulated with LPS and EGCG for 6 h, and sequentially incubated with HMGB1-specific and Alexa-594-conjugated donkey anti-rabbit antibodies. Note that cytoplasmic HMGB1 "puncta" (Red) partly co-localized with LC3-containing cytoplasmic vesicles (Green). . Delayed oral administration of EGCG rescued mice from lethal sepsis. Balb/C mice were subjected to lethal sepsis (induced by CLP). At +24, +48, and +72 h post the onset of sepsis, animals were orally gavaged with saline (0.2 ml/mouse) or EGCG (4.0 mg/ml), and animal survival rates were monitored for up to two weeks. The Kaplan-Meier method was used to compare the differences in mortality rates between groups. *, P < 0.05 versus saline. B). Co-administration of an autophagy inhibitor, chloroquine, partly impaired EGCGmediated protection. Balb/C mice were subjected to lethal sepsis (induced by CLP). At +2, +24, +48, and +72 h post CLP, animals were intraperitoneally administered with saline, EGCG (4.0 mg/kg), chloroquine (30 mg/kg, "Chl"), or EGCG (4.0 mg/kg) plus chroloquine (30 mg/kg), and animal survival rates were monitored for two weeks. Green tea contains ketone flavonoid (Q), non-ketone flavonoid (EGC and C), as well as catechin gallates (EGCG and CG). Structure-function relationship studies revealed that the active components capable of inducing HMGB1 aggregation (e.g., EGCG or CG) were able to induce autophagy and inhibit active HMGB1 release; the inactive components incapable of inducing HMGB1 aggregation (e.g., C, EGC, or G) all failed to induce autophagy and inhibit LPS-induced HMGB1 release. It is possible that EGCG conjugates to Cys 23 , Cys 45 , or Cys 106 of HMGB1 via an oxidative reaction, thereby forming EGCG-HMGB1 aggregates. Given the potential role of HMGB1 in a variety of diseases, it is possible to consider that Green tea confers well-known health benefits by potentially modulating autophagic HMGB1 degradation in various cells.
